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We study the coherent control of microwave photons propagating in a superconducting waveguide
consisting of coupled transmission line resonators, each of which is connected to a tunable charge
qubit. While these coupled line resonators form an artificial photonic crystal with an engineered
photonic band structure, the charge qubits collectively behave as spin waves in the low excitation
limit, which modify the band-gap structure to slow and stop the microwave propagation. The
conceptual exploration here suggests an electromagnetically controlled quantum device based on
the on-chip circuit QED for the coherent manipulation of photons, such as the dynamic creation of
laser-like output from the waveguide by pumping the artificial atoms for population inversion.
PACS numbers: 85.35.Ds, 73.23.Hk, 42.70.Qs, 03.67.-a
I. INTRODUCTION
Recent experiments with on-chip all optical setups [1,
2, 3, 4] have displayed slow light phenomenon similar to
that due to the electromagnetically induced transparency
(EIT) [5, 6]. Here, a physical mechanism was is pre-
sented using a model with a coupled resonator optical
waveguide, which behaves as a photonic crystal with a
band-gap spectrum. The coupling of each resonator to
some external cavities can shift the resonant spectral line
and compress the bandwidth, and thus stop or store the
propagating light pulses [1, 2, 3].
Motivated by this progress, both in experimental and
theoretical aspects, we propose and study a hybrid struc-
ture with a cavity waveguide interacting with two-level
artificial atoms. Here, the novel control mechanism
for coherent transmission of microwave photons in the
waveguide is to utilize the collective excitations of the
atoms, which can be described as quasi-spin waves [7]
in the low excitation limit. As illustrated in Fig. 1, we
suggest a co-planar on-chip setup based on the supercon-
ducting circuit QED [8, 9, 10, 11, 12, 13, 14, 15, 16]:
each cavity in our proposed setup has been experimen-
tally implemented as a superconducting transmission line
resonator; the spatially distributed artificial atoms are
the biased Cooper pair boxes (charge qubits), which
play the same role as the external cavity for controlling
light in the waveguide of the on-chip all optical experi-
ment [1, 2, 3, 4].
Due to its engineered photonic band structure, such
a cavity array, coupled to quasi-spin wave excitations,
can result in much richer quantum coherent phenomena.
We show that the quasi-spin waves of charge qubits can
controllably affect the engineered photonic band struc-
ture so that the modified dispersion relation results in
a slow (and even zero) group velocity of photons prop-
agating along the waveguide of coupled line resonators.
The spin-wave excitation can also drive a coherent state
of photons in the coupled resonator waveguide. Some
pumping methods can make a population inversion to
produce a laser-like output above the threshold.
This paper is organized as follows. In Sec. II, we
present our hybrid system: an array of coupled-line-
resonators based on a superconducting circuit. Each res-
onator is coupled to a biased Cooper pair box (CPB). The
array of coupled-line-resonator exhibits a band structure.
In Sec. III, in the large-N and low-excitation limits, the
hybrid system is modeled as two coupled boson models,
with one for the photonic band and the other for the
spin wave of N CPBs. Here, the slow light phenomenon
is found by controlling the detuning and the coupling
strength. The dynamic creation of the laser-like output
from the array of coupled-line-resonator is proposed in
Sec. IV and V. This is because two kind of bosons cou-
ple linearly with each other and the population inversion
of the artificial atoms is pumped. Sec. VI presents our
conclusions.
II. THE COUPLED CAVITY QED BASED ON
SUPERCONDUCTING CIRCUIT
Now we consider a superconducting quantum cir-
cuit including N CPBs and an array of coupled-line-
resonator. Recently, most experiments have demon-
strated the possibility to fabricate a superconducting
qubit array [17, 18, 19]. As shown in Fig. 1, the array
of coupled-line-resonators is constructed by cutting the
superconductor transmission line into N segments. And
the N CPBs are made of N dc SQUIDs (superconduct-
ing quantum interference device) which consists of two
tunnel junctions.
With a proper biased voltage Vg, each CPB behaves
as a two-level system (charge qubit) [20]. Typically, the
model Hamiltonian for a charge qubit can be written as
2EJ
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FIG. 1: (Color online) Configuration of the setup for control-
ling light propagation in a coupled-line-resonator waveguide
(a) by coupling to charge qubits (b). The coupled (line res-
onators) – (charge qubits) system can behave similarly to the
cavity QED for a single atom interacting with a single-mode
cavity (c).
in Ref. [8, 21]
H =
1
2
Bzσz − 1
2
Bxσx (1)
with the level spacing of the charge qubit
Bz = 4EC (2ng − 1) (2)
and effective Josephson energy
Bx = 2EJ cos
(
π
Φx
Φ0
)
. (3)
The quasi-spin operators σz and σx are defined in the
charge qubit basis (|0〉 and |1〉), where 0 and 1 repre-
sent excess Cooper pairs on the superconducting island,
respectively. Here, EC and EJ represent the charge en-
ergy and the Josephson energy, respectively. Through
ng = CgVg/2e, we can tune the degenerate point of the
charge qubit by controlling the gate voltage Vg applied
on the gate capacitance Cg. In addition, Φx represents
the magnetic flux through the SUID loop induced by the
externally applied magnetic field and Φ0 = h/2e is the
flux quantum.
Based on the above results, we can write the Hamilto-
nian including N CPBs as
HA =
ωA
2
∑
j
(|ej〉〈ej | − |gj〉〈gj |) (4)
where the eigen-frequency ωA =
√
B2z +B
2
x. Based on
recent experiments, the charge energy can be taken as
EC = 29.5 GHz, while the Josephson energy EJ = 8
GHz. For simplicity, all qubits are assumed to be iden-
tical and biased off the degenerate point. The energy
eigenstates
|ej〉 = cos
(
θ
2
)
|0j〉 − sin
(
θ
2
)
|1j〉 (5)
and
|gj〉 = sin
(
θ
2
)
|0j〉+ cos
(
θ
2
)
|1j〉, (6)
are the superpositions of charge eigenstates |0j〉 and |1j〉,
and θ = arctan (Bx/Bz).
In our setup, each qubit is placed at the position of the
anti-node of the standing wave field in each transmission
line resonator. The London equation provides the van-
ishing boundary conditions for the quantized electromag-
netic field at the two ends of each line resonator. Thus,
the quantized magnetic field vanishes at those anti-nodes
and the qubits are only coupled to the electric compo-
nent. Here, the gate voltage applied to the capacitance
of jth Cooper pair box is given by V jx = Vg + V
j
q , where
V jq stands for the quantized part of the voltage. Let only
the n = 2 mode be activated. Then the gate voltage is
quantized as [13, 14]
V jq = (aˆj + aˆ
†
j)
√
ω
LC
(7)
at its maximum while the magnetic field vanishes. Here,
we only assumed a single mode of the quantized electric
field of frequency ω with creation (annihilation) operator
aˆ†j (aˆj). L is the length of the line resonators and C is
the capacitance per unit length.
There exists the coupling J between two neighbor line
resonators through the dielectric material. Then the
Hamiltonian of the coupled line resonators waveguide is
HC = ω
∑
j
aˆ†j aˆj + J
∑
j
(
aˆ†j aˆj+1 + aˆ
†
j+1aˆj
)
, (8)
where J depends on the coupling mechanism, e.g., the
magnetic penetration depth.
Following recent experiments [13], we can take the fre-
quency of the line resonators ω = 10.0 GHz, the length
of line resonators L = 1.0 cm and the capacitance per
unit length C = 0.13 fF/µm. We now make the rotat-
ing wave approximation to write down the interaction
Hamiltonian [13, 14]
HI = g
N∑
j=1
(aˆj |ej〉〈gj |+H.c.) , (9)
between the qubits and the fields, where
g = e sin θ
Cg
CΣ
√
ω
LC
(10)
is the coupling strength between the resonator and the
artificial two-level atom, and CΣ is the sum of the gate
capacitance and the capacitance of the tunnel junction.
In practical experiments, the coupling constants g and
J should depend on the position of the qubit. For sim-
plicity, in this paper we take a uniform g and J . The-
oretically, the fluctuations of the coupling constants are
3assumed to be innocuous and do not change the results of
this paper, qualitatively. The above model has been used
to demonstrate the photon blocked effect [22, 23, 24],
which leads to the Mott insulating effect for the polari-
tons formed by dressing atoms with a cavity field.
Although our proposed configuration setup is an ex-
tension of the single cavity proposed in [9, 10, 13, 14]
to N coupled cavities, there are significant difference be-
tween them. In experiments [12, 13], to demonstrate the
typical cavity QED character of a superconducting quan-
tum circuit for quantum computing, only a single cavity
is used rather than a coupled cavity array. A single cav-
ity possesses discrete photon modes with large frequency
spacings, but an array of coupled-line-resonator possesses
a band-gap spectrum and can transmit a wave packet of
light. A single cavity coupled to many charge qubits in a
similar superconducting circuit has been modeled [25] to
probe the dynamic behavior of quantum phase transition
[26]. Obviously, different from the setup in [13, 14], our
setup uses many coupled transmission line resonators to
realize an electromagnetically controlled quantum device
for coherent control of photon transmission.
III. TWO-MODE BOSON MODEL FOR THE
SPIN-WAVE DRESSED PHOTONIC BAND
Now we consider the low-excitation limit that a few
charge qubits are populated in their excited state. The
crucial issue here is to use the collective operators [7]
Bˆ†k = N
−1/2
N∑
j=1
exp(ikℓj)|ej〉〈gj | (11)
and its conjugate Bˆk = (Bˆ
†
k)
† to describe the spin wave
excitation of the charge qubit array, where k = 2πn/ℓN
with n = 0, 1, ..., N − 1. In the large N limit with low
excitations, i.e., 〈∑k Bˆ†kBˆk〉 ≪ N , these collective exci-
tations behave as bosons, since the usual bosonic commu-
tation relation
[
Bˆk, Bˆ
†
k
]
= δkk′ can be approached when
N →∞.
The Fourier transformation aˆk =
∑
j exp(ikℓj)aˆj/
√
N
diagonalizes the coupled resonator Hamiltonian as
HC =
∑
k
Ωkaˆ
†
kaˆk
to give a dispersion relation with band structure
Ωk = ω + 2J cos(kℓ), (12)
where ℓ is the site distance. Then the normal modes
of the hybrid system with Hamiltonian H =
∑
kHk are
characterized by aˆk and bˆk = limN→∞ Bˆk. The evolution
of each mode is governed by the following Hamiltonian
Hk = Ωkaˆ
†
kaˆk + g
(
aˆkbˆ
†
k +H.c.
)
+ ωAbˆ
†
k bˆk (13)
= ΩDkNˆk + ǫk(Pˆ
†
k Pˆk − Qˆ†kQˆk).
Here, we have introduced the polariton operators [7]
Pˆk = cos θkaˆk + sin θk bˆk; (14)
Qˆk = sin θkaˆk − cos θk bˆk. (15)
which are linear combinations of the quantized electro-
magnetic field operators and atomic collective excitation
operators of quasi-spin waves. The mixing angle θ is de-
termined by
tan θk = 2g/(Ωk − ωA). (16)
The total excitation number for the kth mode is given by
Nˆk = Pˆ
†
k Pˆk + Qˆ
†
kQˆk = aˆ
†
kaˆk + bˆ
†
kbˆk. (17)
The dispersion relation for the photonic band is obtained
as
ǫ±k = ΩDk ± εk, (18)
where
ΩDk =
1
2
(Ωk + ωA), (19)
εk =
1
2
√
(Ωk − ωA)2 + 4g2.
Since Nˆk commutes with Hk, the number of excitations
Nˆk is conserved, while the number of different type exci-
tations aˆ†kaˆk and bˆ
†
kbˆk are mutually convertible by adjust-
ing the coupling strength g and the detuning δ = ω−ωA
between the artificial atom and the resonator. Due to
the coupling between artificial atoms and the resonators,
the origin band structure for the array of coupled-line-
resonators is splitted into two in the one excitation sub-
space. Obviously there exists a gap between two bands
for nonvanishing g.
Notice that the band structure (19) is only available in
the low excitation limit 〈∑k bˆ†k bˆk〉 ≪ N . In the following,
we focus on the single excitation subspace. For δ > 0, the
corresponding dressed spectrum ǫ±k = ΩDk ± ǫk shows
a bandwidth narrowing effect on the coupled line res-
onators due to its couplings to the charge qubits. This
is because the bandwidth W− = |ǫ−k=0 − ǫ−k=π| of the
low-band changes from 2J to 2J −∆, where
∆ = A(J)−A(−J) (20)
and
A(J) =
√
(
δ
2
+ J)2 + g2. (21)
Meanwhile, the bandwidth W+ = |ǫ+k=0 − ǫ+k=π | of the
upper band changes from 2J to 2J+∆. Obviously when
δ = 0, the bandwidths W− and W+ of the two bands are
equal to 2J ; when δ > 0 (δ < 0), W− (W+) is narrower
than 2J whileW+ (W−) is wider than 2J . Then the wave
packet of light in the lower band can be adjusted by δ.
4The couplings also shift the central spectral line from ω
and ωA to ǫ±k=π/2 respectively. This just recovers the
same result obtained in Ref. [1, 2, 3, 4].
Then we can obtain the group velocities v±(k) =
dǫ±k/dk for the lower and the upper bands as
v± = Re
{
Jℓ sin(kℓ)
[
1± Λ + 2J cos(kℓ)√
[Λ + 2J cos(kℓ)]2 + 4g2
]}
,
(22)
where Λ = δ + iκ. Here, κ = η − γ is the difference
between the damping constant η of each cavity and the
decay rate γ of the qubit, where η is caused by the cav-
ity loss and γ = T−11 + T
−1
2 : in experiments, the en-
ergy relaxation time T1 of a superconducting qubit is 0.1
to a few microseconds, and the dephasing time T2 be-
tween the ground and the excited state is a few dozens
of nanoseconds. It can be seen that the group velocity
becomes independent of loss when η = γ. At the band
center k = π/(2ℓ), the group velocity for the lower band
becomes
v−
(
− π
2ℓ
)
= Re
{
Jℓ
(
1− Λ√
Λ2 + 4g2
)}
. (23)
In the large detuning case, i.e., δ ≫ 2|g|, the group ve-
locity reaches its minimum
v−(−π/(2ℓ)) = Re
[
Jℓg2/Λ2
] ≈ 0 (24)
corresponding to the lower bandwidth compressed. In
the case of δ ≪ −2|g|, the group velocity for the lower
photonic band reaches its maximum
v−(−π/(2ℓ)) ≈ 2Jℓ. (25)
And the lower band has a large bandwidth, which ac-
commodates the entire pulse bandwidth. In Fig. 2(a) we
have plotted the group velocity of the lowest band as a
function of the level spacing ωA of the two-level artificial
atom and the coupling strength g at k = −π/(2ℓ). It can
be seen that when a large detuning occurs, the group ve-
locity is minimum at large blue detuning and is maximum
at large red detuning. Hence, for a microwave pulse as
a superposition of many k-states, its distribution in the
k-space can be entirely contained in the energy band by
setting δ ≪ −2|g|. Therefore the microwave pulse can
be stopped by adiabatically tuning the detuning from
δ ≪ −2|g| to δ ≫ 2|g|.
In the near-resonance case δ ∼ 0 with strong couplings,
the group velocity in the lower band
v− = Re
{
Jℓ sin(kℓ)
[
g
J cos(kℓ) + iκ
]2}
is reduced to zero approximately within the range of
k satisfying J cos(kℓ) ≫ g. For mode k, which satis-
fies J cos(kℓ) ≪ −g, the corresponding group velocity
becomes v− ≈ 2Jℓ sin(kℓ). For mode k, which satis-
fies −g ≪ J cos(kℓ) ≪ g, the group velocity becomes
FIG. 2: (Color online) (a) the group velocity vg of the
lowest band as a function of ωA and coupling strength g
at k = π/(2ℓ) for η = γ, and ω = J . It can be seen
that when δ ≫ 2g, the group velocity reaches its minimum
vg(−π/(2ℓ)) ≈ 0; when δ ≪ −2g, the group velocity reaches
its maximum vg(−π/(2ℓ)) ≈ 2Jℓ. (b) the group velocity of
the lowest band as a function of k and coupling strength g in
the case of resonance. Here, g and ωA are in units of J , and
k is in units of the lattice constant ℓ.
v− ≈ Jℓ sin(kℓ), which are illustrated in Fig. 2(b). It
tells us that when a microwave pulse inputs into such a
coupled-line-resonator waveguide, some components will
be stopped completely by adjusting the coupling strength
g, while others still pass through. So the microwave pulse
is distorted. Hence, in the case of resonance, one cannot
obtain the whole information that the wave packet car-
ries.
IV. COHERENT OUTPUT OF SLOW LIGHT
The above boson model describes the linear couplings
between two kinds of boson modes. If one can prepare the
state of the charge qubit array with population inversion
through coherent pumping, the dynamic evolution will
drive the coupled-line-resonator mode to output a laser-
like light in a coherent state. Such pumping mechanism
with superconducting qubits has been explored most re-
cently for superconducting flux qubits [27].
Now we assume the charge qubits are prepared co-
herently in excited states. Then the initial state of the
spatially-distributed atomic ensemble is a k-mode coher-
ent state
|αk〉 = D(αk)|G〉 ≡ D(αk)|g1〉 ⊗ |g2〉 ⊗ . . .⊗ |gN 〉 (26)
where the displacement operator
D(αk) = exp(αk bˆ
†
k − α∗k bˆk), (27)
describes a superposition of n-quasiparticle excitation
states |nk〉 of mode-k. Here, the one quasiparticle excita-
tion characterizes the spatially-distributed qubit popula-
tions with definite phases, a quasi-spin wave in the charge
qubit array. Let the total system initially start with a co-
herent state of atomic ensemble and the vacuum state of
the coupled-line-resonator array, i.e. |ψ(0)〉 = |0〉 ⊗ |αk〉.
5Here, |0〉 means no photon contained in the coupled-line-
resonator array. After time t, the initial state is evolved
into |ψ(t)〉 = U (t) |ψ(0)〉.
In order to find an explicit expression for |ψ(t)〉, we
formally rewrite the quantum state at time t as
|ψ(t)〉 = U (t)D(αk)U−1 (t)U (t) |G〉|0〉 (28)
where U (t) = exp(it
∑
kHk) is the time evolution op-
erator. Because the number of excitations in the total
system is conserved and |G〉|0〉 is the ground state of the
system corresponding to the zero eigenvalue, the quan-
tum state defined by Eq. (28) becomes
|ψ(t)〉 = U (t)D(αk)U−1 (t) |G〉|0〉, (29)
which is completely determined by the time dependent
displacement operator
D (t) ≡ U (t)D(αk)U−1 (t) = exp
[
Aˆ (−t)
]
(30)
where Aˆ (−t) = U (t) AˆU−1 (t).
With respect to the polariton operators Pˆ and Qˆ,
the initial coherent state |αk〉 of the kth mode can be
rewritten based on the displacement operator D(αk) =
exp
[
Aˆ(0)
]
, where
Aˆ(0) = αkPˆ
†
k sin θk − αkQˆ†k cos θk − h.c. (31)
is an anti-Hermitian operator. Since polaritons are the
eigenexcitation of the total system, their creation opera-
tors Pˆ †k and Qˆ
†
k evolve according to the eigenfrequencies,
i.e.,
U (t) Pˆ †kU
−1 (t) = Pˆ †k e
−i(ΩDk+εk)t,
U (t) Qˆ†kU
−1 (t) = Qˆ†ke
−i(ΩDk−εk)t.
Accordingly, the operator Aˆ(t) can be explicitly obtained
as
Aˆ (t) = αkP
†
ke
−i(ΩDk+εk)t sin θk (32)
+α∗kQke
i(ΩDk−εk)t cos θk − h.c.
Transformed back to the original representation with op-
erators aˆk and bˆk, the displacement operator D (t) be-
comes the product of two displacement operators, i.e.,
D (t) = D [αk (t)]D [βk (t)] , (33)
where the factor
D [αk (t)] = exp
[
αk (t) b
†
k − α∗k (t) bk
]
(34)
acts on the atomic excitation state while
D [βk (t)] = exp
[
βk (t) a
†
k − β∗k (t) ak
]
(35)
acts on the state space of the coupled-line-resonator ar-
ray.
Therefore, the state |ψ(t)〉 can be factorized as |ψ(t)〉 =
|βk(t)〉 ⊗ |αk(t)〉 with the time-dependent amplitudes
αk (t) = αke
−iΩDkt
(
eiεkt cos2 θk + e
−iǫkt sin2 θk
)
,(36a)
βk (t) = −ie−iΩDktαk sin (εkt) sin (2θk) , (36b)
Here the coherent state |βk(t)〉 localizes in the k-mode,
and it actually is a spatially multi-mode coherent state;
the periodically modulated amplitudes βj(t) mean a
quasi-classical wave packet of photons with distribution
Pj = |βj(t)|2. The above argument means that the ini-
tial coherent input of the atomic excitation can result in
a coherent output in the photonic mode, which is char-
acterized by a coherent state |βk(t)〉. This just displays a
laser-like behavior for the photons output from the cou-
pled line-resonator waveguide.
V. LASER LIKE PROCESS WITH
POPULATION INVERSION
The above intuitive discussion shows an obvious laser
behavior, but we need the population inversion imple-
mented by some coherent pumping. We also need to con-
sider the threshold condition for the lasing in the coupled
line-resonator waveguide. To this end we study the co-
herent radiation in the coupled line-resonator waveguide
stimulated by the the artificial atoms with a collective
coherent excitation.
Ignoring the fluctuations due to the couplings to the
thermal bath, the dynamic variable of this system obeys
the following equations
∂taˆk = −i(Ωk − iη)aˆk − igBˆk, (37a)
∂tBˆk = −i(ωA − iγ)Bˆk + i g
N
∑
k′
Sˆk′−kaˆk′ , (37b)
∂tSˆ0 = Γ
(
Nd0 − Sˆ0
)
− i2g
∑
k
(
Bˆ†kaˆk − aˆ+k Bˆk
)
(37c)
where
Sˆk′−k =
N−1∑
j=0
eiℓ(k−k
′)jσzj
and Sˆ0 is defined by k
′ = k. By neglecting the scattering
from k to k′ due to large N , one can write down a system
of laser-like equations [28]
∂taˆk = −i(Ωk − iη)aˆk − igbˆk,
∂tbˆk = −i(ωA − iγ)bˆk + ignˆaˆk/N, (38)
∂tnˆ = Γ (Nd0 − nˆ)− i2g
∑
k
(
bˆ†kaˆk − aˆ+k bˆk
)
,
where d0 is the input rate for equilibrium inversion.
The term Γ (Nd0 − nˆ) in Eq. (38) is phenomenologi-
cally introduced to characterize the role of pumping
6by some population inversion for the excitation number
nˆ =
∑
bˆ†kbˆk; Γ is the relaxation time to equilibrium.
Next, we eliminate the fast time-dependence in
Eq. (38) by the substitutions
aˆk = ˆ˜ak exp(−iΩkt) (39)
and
bˆk =
ˆ˜bk exp(−iΩkt). (40)
We lock the cavity mode in the coupled-line-resonator in
a resonance frequency Ωk ≈ ωA, that is, exp[i(ωA −Ωk)]
varies slowly. When the relaxation time of charge-qubits
is much smaller than the relaxation time of the cavity as
well as that of the population inversion, i.e., γ ≫ Γ≫ η,
we can adiabatically eliminate bˆk and nˆ by setting the
corresponding time derivatives to zero in the obtained
equations about ˆ˜ak,
ˆ˜bk and nˆ from Eq. (38). Finally we
obtain the equation of motion for ˆ˜ak
∂tˆ˜ak = (d0g
2L− η)ˆ˜ak − 4γd0g
4L |L|2
NΓ
ˆ˜a†k
ˆ˜ak ˆ˜ak, (41)
where the Lorentz distribution
L =
1
γ + i(ωA − Ωk) (42)
shapes the spectra of coherent output. It is exactly the
laser equation [28] defining a threshold d0 = η/(g
2L) for
the laser-like output in the coupled-line-resonator waveg-
uide by the coherent pumping with an input rate d0.
This dynamical lasing behavior can be described by
the non-linear equation
·
x = −σx− λx3 (43)
about the order parameters x = 〈α|ˆ˜ak|α〉. Here, |α〉 is a
coherent state with real number α; the coefficient of the
linear term of Eq. (43)
σ = η − d0g2L (44)
describes the amplification effect of the light field when
σ < 0; the coefficient
λ =
4γd0g
4L |L|2
NΓ
(45)
represent the nonlinearity of the effective theory obtained
by averaging the atomic excitations. The nonlinear coef-
ficient competes with the parameter σ to realize a lasing
“phase transition”. As illustrated in Fig. 3, the solutions
of the non-linear equation obviously possess a critical be-
havior near the threshold σ = 0 . The solution of Eq. (43)
gives
|x|2 = [c exp(2σt)− λ/σ]−1 (46)
0
5
10
−4
−2
0
2
4
0
4
8
t
σ
|x|2
FIG. 3: (Color online) The probability amplitude |x|2 of out-
put photon as a function of σ and time. When σ < 0, there is
a laser-like output depicted by the stable solution for t→∞.
t is in units of seconds “s” and σ is in units of s−1.
for σ 6= 0; and
|x|2 = (2λt+ c)−1 (47)
for σ = 0, where c is a constant determined by the initial
state. The stable solutions that
|x|2 = −σ/λ (48)
for σ < 0 (above the threshold) and |x|2 = 0 for σ >
0 (below the threshold) mean a laser-like output of the
coupled-line-resonators. Since the expectation value of
ˆ˜ak does not vanish, we can understand the above laser-
like effect as a pumping-induced symmetry-breaking.
Together with the intuitive argument in the last sec-
tion, the analysis in this section definitely shows the exis-
tence of a threshold for laser-like behavior in the present
artificial system. However, to reduce the threshold by
overcoming decoherence, including dissipation and de-
phasing, is still a challenge to implement a laser of slow
light in practical hybrid systems.
VI. CONCLUDING REMARKS
In conclusion, we have conceptually proposed an elec-
tromagnetically controllable quantum device based on
superconducting circuit QED for the coherent manipula-
tion of photons. It can realize a laser-like slow microwave
output from a coupled-line-resonator waveguide by con-
trolling each cavity connected to a charge qubit. Our
studies are motivated by the all-optical experiment for
stopping light in a coupled resonator waveguide, which
is coupled to other cavities, but here we show that some
results for the coupled resonator waveguide can be ob-
tained by replacing the coupling cavities with a more
practical system, a spatially-distributed array of charge
qubits. Finally, we would like to mention that, without
the limitation of the superconducting system, the present
analysis represents a universal setup for the coherent ma-
nipulation for light or microwave propagations in some
all-optical or electromagnetic-optical system.
7This work is supported by the NSFC with Grants No.
90203018, 10474104, 60433050, 10547101, 10604002 and
10704023, NFRPC with Grant No. 2001CB309310, No.
2005CB724508, No. 2006CB921205, and K. C. Wong
Education Foundation. We acknowledge the useful dis-
cussions with W. Li and Jing Lu.
[1] Q. Xu, S. Sandhu, M. L. Povinelli, J. Shakya, S. Fan,
and M. Lipson, Phys. Rev. Lett. 96, 123901 (2006).
[2] M. F. Yanik, W. Suh, Z. Wang, and S. Fan, Phys. Rev.
Lett. 93, 233903 (2004).
[3] M. F. Yanik and S. Fan, Phys. Rev. Lett. 92, 083901
(2004).
[4] R. W. Boyd and D. J. Gauthier, Nature 441, 701 (2006).
[5] S. E. Harris, Phys. Today 50, No. 7, 36 (1997).
[6] L.V. Hau, S.E. Harris, Z. Dutton and C.H. Behroozi,
Nature 397 594 (1999).
[7] C. P. Sun, Y. Li and X. F. Liu, Phys. Rev. Lett. 91,
147903 (2003).
[8] J. Q. You and F. Nori, Phys. Today 58 (11), 42 (2005).
[9] J. Q. You and F. Nori, Phys. Rev. B 68, 064509 (2003).
[10] J. Q. You, J. S. Tsai and F. Nori, Phys. Rev. B 68,
024510 (2003).
[11] J. Johansson, S. Saito, T. Meno, H. Nakano, M. Ueda, K.
Semba, and H. Takayanagi, Phys. Rev. Lett. 96, 127006
(2006).
[12] I. Chiorescu, P. Bertet, K. Semba, Y. Nakamura, C. J. P.
M. Harmans, and J. E. Mooij, Nature 431, 159 (2004)
[13] A. Wallraff, D. I. Schuster, A. Blais, L. Frunzio, R.
S. Huang, J. Majer, S. Kumar, S. M. Girvin, R. J.
Schoelkopf, Nature 431, 162 (2004);
[14] A. Blais, R.-S. Huang, A. Wallraff, S. M. Girvin and R.
J. Schoelkopf, Phys. Rev. A 69, 062320 (2004).
[15] Y. X. Liu, L. F. Wei, and F. Nori, Phys. Rev. A 71,
063820 (2005)
[16] Y. X. Liu, L. F. Wei, and F. Nori, Europhys. Lett 67,
941 (2004)
[17] Y. A. Pashkin, T. Yamamoto, O. Astafiev, Y. Nakamura,
D.V. Averin and J.S. Tsai, Nature (London), 421, 823
(2003);
[18] T.Yamamoto, Yu. A. Pashkin, O. Astafiev, Y. Nakamura,
and J. S. Tsai, Nature (London), 425, 941 (2003).
[19] M. Grajcar, A. Izmalkov, S. H. W. van der Ploeg, S.
Linzen T. Plecenik, T. Wagner, U. Hu¨bner, E. Il’ichev,
H.-G. Meyer, A. Y. Smirnov, P. J. Love, A. Maassen
van den Brink, M. H. S. Amin, S. Uchaikin, and A. M.
Zagoskin, Phys. Rev. Lett. 96, 047006 (2006).
[20] Y. Nakamura, Yu.A. Pashkin and J.S. Tsai, Nature 398,
786 (1999).
[21] G. Wendin and V. S. Shumeiko, e-print
arXiv:cond-mat/0508729.
[22] D. G. Angelakis, M. F. Santos, and S. Bose, Phys. Rev.
A 76, 031805(R) (2007)
[23] M. J. Hartmann, F. G. S. L. Brandao and M. B. Plenio,
Nat. Phys. 2, 849 (2006);
[24] D. Greentree, C. Tahan, J. H. Cole, and L. C. L. Hollen-
berg, Nat. Phys. 2, 856 (2006).
[25] Y. D. Wang, Fei Xue, and C. P. Sun, e-print arXiv:
quant-ph/0603014.
[26] H. T. Quan, Z. Song, X. F. Liu, P. Zanardi and C. P.
Sun, Phys. Rev. Lett. 96, 140604 (2006).
[27] J. Q. You, Y.-X. Liu, C. P. Sun, and F. Nori, Phys. Rev.
B 75, 104516 (2007).
[28] H. Haken, Rev. Mod. Phys. 47, 67 (1975).
